2I,m DNA isolated from industrial Saccharomyces cerevisiae yeasts exhibited extensive restriction fragment length polymorphisms. At least five 2,um species were identified from eleven [cir+] strains. Southern hybridization mapped restriction fragment length polymorphisms at STB, a cis-acting locus essential for plasmid partitioning. Some 2,um variants (e.g., 4110-2,um and 4108-2,um) had an altered number of 125-bp consensus repeats at STB. However, the corresponding region of 7754-2,um has only approximately 70% nucleotide sequence homology with the 125-bp STB consensus repeat. YRp plasmids containing 7754-2,Lm STB behave as YEp plasmids in laboratory yeasts, thereby indicating STB sequence divergence coupled to conservation of function.
The standard 2pLm plasmid of Scpl is a 6,318-bp circular DNA found in most laboratory strains of Saccharomyces cerevisiae in high copy numbers (for a review see reference 21 ). 2 [Lm circle DNA has no host selectable value (3); genes located in this plasmid are required solely for its own maintenance. ORI is the site for the initiation of plasmid replication (22) . FLP recombinase catalyzes site-specific recombination at FLP recognition targets (FRT) within two inverted repeats and promotes 2Lm DNA amplification (2, 20) . Two trans-acting genes, REPI and REP2, and a cisacting locus, STB (or REP3), are required for plasmid partitioning (7) (8) (9) . The gene product of the fourth open reading frame, ORFD (or RAF), appears to be involved in 2pLm plasmid autoregulation (13) . STB has been defined by its ability to stabilize chimeric derivatives of the 2[Lm plasmid. Thus STB chimeras were less stable in 2Rm-deficient [cir°] derivatives than in isogenic
[cir+] strains (8) . The common STB of laboratory yeast strains contains 5.5 tandem repeats of a 62-bp sequence with 82 to 97% homology (5, 6) . Murray and Cesareni (12) defined the repeat area, contained within an HpaI-AvaT fragment, as STB proximal to ORI, whereas STB distal extended from the proximal sequence into the RAF 3' reading frame. STB distal contains terminator and silencer functions that repress transcriptional readthrough into STB proximal. Although STB proximal is sufficient for partition function, optimal partitioning requires proximal and distal sequences (12) . Transcription at STB was also shown to be repressed by REP1 and REP2, and two sequence motifs were identified as potential REP1-REP2 target sites (19) . These observations have led to models of STB function which disrupt transcription apparatuses and thereby free asymmetrical plasmid adherence to the mother nucleus (19) . Since disruption of REP] function alters the chromatin structure of STB (18) , plasmid partitioning appears to be mediated by REP1 and REP2 binding to STB.
Although it is clear that STB structure is central to the mechanism of plasmid partitioning, further understanding of the partition mechanism requires more detailed analyses of structure-function relationships. Several 2pLm variants, such as Scp2 and Scp3 (1), E2 (10) , and YK5-6B (9), have been found in laboratory strains of S. cerevisiae, but the number and type of variation reported are limited. Although it has been proposed that natural 2,m variants found in laboratory strains may involve deletion of tandem repeats at the STB locus, no supporting sequence data have been presented (21) .
We investigated 2.m circle plasmids from strains of S. cerevisiae used in fermentation industries. Extensive 2,um DNA restriction fragment length polymorphisms (RFLPs) were observed and mapped to the cis-acting STB locus. Variations involved not only alterations of tandem repeat copy numbers at STB but also significant DNA sequence divergence of STB alleles.
MATERIALS AND METHODS
Yeast strains and culture. Industrial S. cerevisiae strains examined in this study are listed in Table 1 . They are all wild-type prototrophs and represent yeasts used in different fermentation industries. Haploid strain WX5-12c (mata, ura3-52, trpl, arg4-17, gcn4, SMRI-J, GAL', [cir+] ) served as a source of laboratory 2,um (lab 2,um). Strain 2-2d (mata, ura3-50, trpl, ilv2-AJ, GAL', [cir+] ) was converted to [cir°] by transformation with pWX823B (25) and selective growth on sulfometuron methyl medium. A postselection sulfometuron methyl-sensitive derivative was confirmed as being [cir°] by retransformation with pWX823B and analysis of plasmid DNA from 10 isolates. All 10 isolates contained only the B isomer pWX823B, as expected of [cir°] isolates (25) . Yeast cultures were incubated at 30°C. Complete YPD and synthetic SD media were prepared as previously described (15 (23) (24) (25) (26) were applied to DNA cloning, Escherichia coli transformation, plasmid DNA isolation, and gel electrophoresis. Southern hybridization conditions using Gene ScreenPlus (DuPont Co.) have been described previously (24) . Plasmid pRIT12309 (2,um+pBR327 [4] ) was used as a 2,um DNA probe. Cloning of the inverted repeat-ORI-STB region from the 2jxm plasmid of industrial strains ATCC 7754 (pWX825B), ATCC 4110 (pWX826B), and ATCC 4108 (pWX827B) has been previously described (26). pWX713 ( Fig. 1 taining homologous sequences to 7754-2i±m at the STB flanking region (italicized above) (see Fig. 4 , 7754-2,u, nucleotides 243 to 259 and 512 to 528), were linked to restriction sites BamHI and Sail, respectively, and used as primers. DNA amplification was performed (GeneAmp DNA amplification reagent kit; Cetus) with pWX825B (26) as a template, and the fidelity of the reaction was confirmed by DNA sequencing after cloning (see Fig. 4A ). Insertion of the polymerase chain reaction product into pWX713 ( Fig. 1) at BamHI-SalI resulted in pWX748 which was used in the functional definition of 7754-2,um STB (Table 2) .
DNA sequencing and oligonucleotide synthesis. DNA fragments to be sequenced were cloned into pTZ18R (Pharmacia) for single-stranded DNA preparation following infection by M13kO7 of E. coli NM522. Nucleotide sequences were determined either by the radioactively (32P) labeled dideoxynucleotide chain termination method (14) or by the dideoxynucleotide fluorescence labeling method (ABI; DNA Sequencer 370A) using Taq DNA polymerase. DNA sequence data were analyzed by using the Seqnce program (Delaney Software Ltd., Vancouver, Canada). Oligonucleotides used for DNA sequencing and polymerase chain reaction were chemically synthesized in a Biosearch 8700 DNA synthesizer.
Nucleotide sequence accession number. The GenBank accession numbers for the STB alleles from 4108-2,um and 4110-2,um are MS57548 and MS57549, respectively. The number for the STB region of 7754-2,um is MS57550. RESULTS 2,um circle RFLPs were mapped to the STB locus. The 2,um circle polymorphism is a common phenomenon among industrial yeasts. Eleven of 13 randomly collected strains were [cir+] . Six strains (Table 1) were chosen for detailed analysis. HindIII restriction patterns of [cir+] strains ( Fig. 2A) clearly exhibited 2jxm DNA molecular-size polymorphisms, represented by 4108-2,um ( Fig. 2A, lane 2) , 2700-2,um ( Fig.  2A, lane 3) , 4110-2,um ( Fig. 2A, lane 4) , and 7754-2,um ( Fig.  2A, lane 5) . In particular, the 2.3-kb fragment of 4108-2,um ( Fig. 2A, lane 2) has not been reported before (21) . HindIII restriction patterns of lab 2,um ( Fig. 2A, lane 1) , 2700-2,um ( Fig. 2A, lane 3) , and 18824-2,um ( Fig. 2A, lane 6) are indistinguishable. However, HindIII plus AvaI double digestion (Fig. 2B) resolved a difference, i.e., 18824-2pum lost a band at 0.91 to 0.93 kb and showed a new band at 0.8 kb.
2,um DNA RFLPs reside within the 2.2-kb HindIII B fragment and the 4.1-kb HindIII A fragment ( Fig. 2A) . This delimits the variation to the large unique region between the HindIII site at RAF and ORI (Fig. 2E) . HincII digestion showed that RFLPs are within the 1.47-kb HincIl B fragment (Fig. 2C) , and HindIII plus AvaI double digestion showed that the variations occur in the 0.93-kb HindIII-AvaI fragment (Fig. 2B) . These results mapped the right and the left border, respectively, of the 2,um DNA RFLPs, i.e., the 300-bp HincII(HpaI)-AvaI region (Fig. 2E) . In addition to the loss of an EcoRI site at RAF (Fig. 2D, lanes 5 and 8) , 7754-2,um loses both the AvaI (Fig. 2B, lane 5 ) and the HincII (Fig. 2C, lane 5) flanking the STB locus. In summary, among the industrial strains we have analyzed, major 2,um DNA RFLPs were mapped to the defined cis-acting STB locus.
2,um STB alleles may have an altered copy of the 125-bp unit. 2,um DNA from industrial yeasts was cloned via in vivo site-specific recombination (26) and subcloned into pTZ18R. DNA sequences of STB alleles from 4108-2,um and 4110-2,um (5) . Abbreviations for restriction sites are as described in the legend to Fig. 1. repeat ( Fig. 2E and 4A) did not show the STB consensus core (Fig. 4B) . DNA alignment of the 1.1-kb 7754-2,um described above with Scpl-2,um (5) located a region with about 70% homology to the 125-bp consensus sequence (Fig.  4B, box 2) . Within the STB-homologous box there is a potential hairpin structure found in 7754-2,um (Fig. 4A , arrowhead underneath) that is less likely to form in the Scpl-STB repeats.
In contrast to the dramatic STB variation, two other cis-acting elements, ORI and FRT, were highly conserved in 7754-2,um and Scpl. The 11-bp ARS core (Fig. 4B, box 4) and the sequenced portion of FRT (Fig. 4B, box 5) are identical, whereas the single nucleotide variation at the ARS box (Fig. 4B, box 3) does not alter the consensus structure TNTPuAA (11) .
To examine whether there is a 125-bp STB consensus core in some other region of 7754-2,um, we performed Southern hybridization by using the 125-bp AvaI fragment from 4108-2pLm STB (Fig. 3A) as a probe against both native and cloned 2,um DNA. Under stringent conditions, 7754-2,um did not hybridize with the 125-bp probe (Fig. 5) , whereas lab 2p,m (lanes 1 and 5), 4110-2p,m (lanes 3 and 7), and 4108-2,um (lanes 4 and 8) all had homology with the probe. This analysis shows that 7754-2,um does not contain the consensus STB. Thus, the region of 7754-2,um DNA aligned to the 125-bp repeat (Fig. 4B ) was tentatively designated 7754-2uLm STB.
7754-2gLm STB is functional in laboratory yeast. pWX713 (Fig. 1) is a typical YRp plasmid containing a chromosomal ORI but devoid of any partition loci. A 285-bp fragment encompassing 7754-2,um STB (Fig. 4, nucleotides were determined. The STBs of 4110-2,um ( Fig. 2A, lane 4) and 4108-2,um ( Fig. 2A, lane 2) both varied in a 125-bp unit encompassing two 62-bp incomplete tandem repeats (Fig. 3) . 4108-2,um has three such 125-bp units identical to each other which were designated the STB consensus core. This sequence, modified by one substitution, was also found in 4110-2,um and one of two repeats of Scpl (Fig. 3A) . Another 125-bp tandem repeat fromn Scpl contains 10 nucleotide mismatches to the STB consensus core. The flanking sequences at STB alleles from the three 2,um species described above are highly conserved; no additional nucleotide variations were detected at this region (Fig. 3A) .
Nucleotide variation of 7754-STB. The nucleotide sequences of 7754-2,um at the corresponding STB region were also determined. To our surpnse, sequencing of the total 1.1-kb 7754-2pRm DNA from PstI to XbaI of the inverted (Fig. 1) . [ 
DISCUSSION
Previous studies have defined STB polymorphisms in laboratory strains at the RFLP level (1, 9, 10) . We have *eenirmed rand-extened-thes--observations by sequence analyses of industrial strains of 2,um DNA. We observed two different types of STB polymorphisms: variable tandem repeats of the published Scpl sequence (Fig. 3) and a novel sequence showing only 70% homology to the consensus sequence (Fig. 4) .
Previous deletion analyses (8) defined the minimal STB locus of laboratory strains to the three 62-bp repeat units of the right-hand border (STB proximal). Since, 4110-2,um STB contains only two 62-bp repeat units, it is evident that the additional distal Scpl unit is n,ot required for partition function. We have chosen the 125-bp repeat unit of 4108-2,um STB as the' core consensus seq'uence for partition function. The 4108-2km STB repeat has a single nucleotide variation with the functional 125-bp 4110-2p,m STB. The two 125-b'p repeat units of Scpl (Fig. 3) differ from each other by 11 nucleotide substitutions, whereas the distal unit differs from the 4108-2,um STB consensus repeat by 10 substitutions and from the proximal unit by 1 substitution. The unusually high variation within Scpl-STB suggests that' the standard lab 2,m is atypical. This notion is confirmed by comparative sequence analysis of the inverted repeat (our unpublished observations). Our data argue against unequal homologous recombination as the sole mechanism of STB variation, since identical repeats did not occur, as had been expected. Rather Fig. 3A for sequence). Yeast strains and the plasmids are indicated on the top of the panel. Molecular cloning of pWX825B (c-7754B), pWX826B (c-4110B), and pWX827B (c-4108B) has been previously described (26).
Although direct comparisons of 7754-2,um STB and Scpl-STB are informative, any speculations must be tempered by consideration of the native context. The immediate flanking context is dramatically different and could be expected to modulate partition efficiency (8, 12) (Fig. 4) . In addition, we have documented a dramatic coevolution of 7754-2,um STB with RAF and REP] sequences (23) . Thus, there is approximately 10% amino acid substitutions in 7754-2,um RAF and REP1, compared with proteins of 2,um DNA species that show high homology to the consensus STB (Fig. 3) . These intriguing polymorphisms provide an invaluable experimental base for a full rationalization of the mechanism of 2,um partition.
